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Abstract 
As the increasing demands of compact and space-saving electronics, capacitors with high energy-storage density are eagerly desired. One 
of the greatest challenges in the development of new high energy density materials is to increase dielectric permittivity. In this present 
work, we present some first results relative to phosphate glasses, which could be used as the dielectric energy-storage materials to 
fabricate high energy density devices. They were prepared by means of rapid quenching method. DTA and X-ray diffraction analysis 
were used to control their vitreous states. Dielectric constant of the glasses was measured at the frequency from 1Hz to 1MHz under the 
testing temperature from 120 K to 360 K. The results indicated that some samples exhibit high dielectric properties. 
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1. Introduction 
Dielectric materials for high energy density applications are usually obtained by two methods: (i) sintering of dielectric 
ceramics powder and (ii) controlled crystallization. For the first approach, we retrieve that different types of materials have 
been explored for high energy density storage capacitors. Polymers are commonly used for such applications, mainly due to 
their high breakdown strength (>5 MV/cm) despite relatively low εr (<5) [1]. Glass materials also offer high breakdown 
strength but relatively low εr [2]. There have been attempts to increase εr while maintaining high breakdown strength. 
Ceramics (such as BaTiO3 and Pb(Zr1-xTix)O3 with perovskite structure) generally exhibit higher εr as compared to polymer 
and glass materials. The breakdown strength, however, generally decreases with increasing εr. For the other approach we 
find the development of composites based on glass-ceramics [3,4] or polymer-ceramics [5] with the potential to get high εr 
(associated with ceramics) and breakdown strength (associated with glass/polymers) simultaneously. 
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Glass-ceramics are materials prepared by controlled crystallization of an appropriate glass composition. The 
homogeneity of the glass, along with the controlled development of the crystals, led to a glass-ceramic uniform grain 
structure free from porosity. Owing to the excellent adjustability of compositions and microstructures, glass-ceramics 
containing crystallites of high permittivity dispersed within glass phase make these materials strong candidates for the 
applications in high energy capacitors over the crystalline ferroelectrics [6]. Advantages of glass-ceramics include also: (i) 
they can be mass produced by any glass-forming technique. (ii) It is possible to design their nanostructure or microstructure 
for a given application. (3i) they have zero or very low porosity. (4i) it is possible for them to combine a variety of desired 
properties. 
 
High dielectric constant crystalline phases are precipitated from the glass matrix during isothermal treatments. Crystallite 
size and the phase content can be controlled through changing relative content of glass former and metal oxides that 
promote nucleation and crystallization. Consequently, the dielectric constant and the breakdown strength of glass-ceramic 
materials are potentially very high, which will result in significant improvement in energy density. 
 
Studies relating to nucleation of high-permittivity ferroelectric crystals in glasses have been carried out since the early 
1960s and most have focused on the synthesis of glass-ceramics with single crystal phase, such as SrTiO3 [7], BaTiO3 [8,9], 
LiNbO3 [10], NaNbO3 [11], and (Pb,Sr,Ba)Nb2O6 [12]. The glass former used to prepare these glass-ceramics composition 
are the SiO2 network and/or B2O3. Generally, phosphate glasses possess technological importance due to their simple 
composition with strong glass forming character, low glass transition temperature and high thermal expansion coefficient 
[13,14]. With the addition of appropriate doping agent, these glasses find a wide variety of applications in optoelectronic 
devices, laser host materials and as solid electrolytes in solid state ionic devices [15].  
 
Among various transition metal oxide doped glasses, the niobium oxide, Nb2O5, doped glasses has gained much 
importance in recent years due to their possible application in linear optical devices. In general, Nb2O5 does not form a glass 
alone, but it can be incorporated in significant amount into other glass-forming oxide system such as phosphates [16,17]. It 
was suggested that the addition of Nb2O5 to P2O5 glasses results in the formation of P-O-Nb bonds and leads to improve the 
glass-forming ability, chemical durability and stabilization of the glass structure [16]. The interest on niobium phosphate 
glasses is because they might be used also in a wide range of applications, such as wasteform for radioactive waste 
immobilization, rare-earth ion hosts for laser glasses, glass fibres and optical lenses, hermetic sealing, electrodes, and 
agricultural applications [18-20]. 
 
The present work is aimed to study the preparation of glasses and glass-ceramics inside the region NaNbO3-BaNb2O6-
WO3-P2O5 belonging to the system of Na2O–BaO–Nb2O5–WO3-P2O5. We anticipated the possible formation of glass-
ceramics with tetragonal tungsten bronze (TTB) structure phases in this region. The NaNbO3-BaNb2O6-WO3-P2O5 glasses 
were prepared by means of rapid quenching method. Some physical properties of them were mainly investigated. 
2. Experimental 
Firstly, we synthesized powders of NaNbO3 and BaNb2O6 with high purity (99.9%) oxide Nb2O5 and carbonates NaCO3 
and BaCO3 (all from Merck). The two oxides were synthesized at 900°C and 1050°C, respectively, for 20 h by a solid state 
reaction of an intimate and ground mixture of Na2CO3 or BaCO3 and Nb2O5 in stoichiometric amounts according to the 
following reactions: 
Na2CO3 + Nb2O5 o2NaNbO3 + CO2, 
BaCO3 + Nb2O5 oBaNb2O6 + CO2. 
 
Then, polycrystalline samples of tungsten bronze niobate Ba2.15-xNa0.7+xNb5-xWxO15 (0 ≤ x ≤ 1) belonging to the NaNbO3-
BaNb2O6-WO3 system were prepared from the desired mass quantities of the NaNbO3, BaNb2O6 and WO3 (99.5%, Merck) 
materials by using high temperature solid-state reaction technique:  
 
(0.7+x)NaNbO3 + (2.15-x)BaNb2O6 + xWO3 o Ba2.15-xNa0.7+xNb5-xWxO15 
 
The calcination was carried out in a high purity alumina crucible at 1100 °C for 12 h. Then we mix these crystalline 
phases with phosphate reagent to elaborate the glasses along the line y(Ba2.15-xNa0.7+xNb5-xWxO15)-(1-y)P2O5 with (x=0; 
0.25; 0.5; 0.75; 1). Well-mixed powder mixtures were melted in a platinum crucible at 1450 °C for 1 h, and then quickly 
removed from the furnace, poured onto pre-heated copper plate and pressed to form glass sheets with thickness~1 mm. 
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Next, the glass sheets were immediately annealed at 400°C for 10 h to eliminate internal stress and then furnace-cooled to 
room temperature. Glass-ceramics were formed by heat treating these glasses in air at specified temperature range. 
X-ray diffraction patterns were obtained at room temperature, using powdered samples, in a Philips X’Pert system, with 
a Kα radiation (k = 1.54056Å) at 40 kV, and 30 mA, with a step of 0.05° and a time per step of 1s.  
 
The density (d) of the glasses was determined at room temperature using the Archimedes method with Xylene as an 
immersion fluid. At least three samples of each glass composition were selected to determine the density. The average 
uncertainty in the measured density was found as r0.03 g/cm3. The molar volume (Vm) was calculated using the following 
formula :  V = (6Mixni)/d, where Mi is the relative molecular mass of the component i, ni its molar fraction. The structure of 
the glasses is studied by Raman spectroscopy.  
 
The measurements of dielectric constant and dielectric loss for glass-ceramics were performed using a SR850 DSP Lock-
In Amplifier in the temperature range of 120-650 K and frequency range of 100 Hz-2MHz. Gold electrodes were sputter-
deposited on both sides of the glass-ceramic sheets. 
3. Results and discussion 
3.1. Density and molar volume  
All the vitreous samples y(Ba2.15-xNa0.7+xNb5-xWxO15)-(1-y)P2O5 with (x=0; 0.25; 0.5; 0.75; 1) prepared as mentioned in 
the experimental part were homogeneous and transparent and the samples were free from visible inhomogeneities, such as 
inclusions, cracks or bubbles. From the measured values of density (d) we have calculated the average molecular weights. 
The density of the glass is observed to increase with increase in the tungsten content (x). It passes from 2.95 for (x=0) to 
3.21 for (x=1) through 3.10 (x=0.25) and 3.14 for (x=0.75). The increase in the density although small is believed to be due 
to the replacement of lighter niobium ions (92.92 g/mol) with the heavier tungsten (183.85 g/mol) ions in the glass matrix. It 
is observed that while d linearly increases with increasing WO3 content the molar volume (Vm) changes in an opposite 
manner (from Vm=52 cm3 (x=0) to 46 cm3 (x=1)) . This decrease in (Vm) causes an increase in the packing density and 
therefore density increases. The increase in density and the decrease in (Vm) may reveal that the structure of the studied 
glasses becomes progressively compact with the increase of (x) values. This means that the structural units introduced to the 
glass structure when (x) increases have a smaller volume. This may be due to two reasons. At first, tungsten ions occupy 
positions between the phosphate chains and therefore the ions in the glass structure become closer to each other. Secondly, 
the decrease of the structural unit size since the direct substitution of (Ba + Nb) by (Na+W) when (x) increases decreases the 
overall atomic radius. On the other words, the decrease of the molar volume is easy to predict and is in good agreement with 
the fact that Nb(or Ba) ion is somewhat larger than the W (or Na)ion. 
3.2. Raman spectroscopy 
Raman spectra of the glasses under study are shown in Fig.1. The observed bands are very broad and not well resolved 
because of the typical broadening observed in amorphous structures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Raman spectra of the glasses. 
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The assignments of Raman spectra of the samples is made on the basis of the assignments of Raman spectra for different 
phosphate glass systems [15-17,21]: the bands at around 600–760 cm-1 are due to P–O–P (bridging oxygen) stretching 
modes; the Raman bands in the region from 900 to 1300 cm-1 are associated with stretching vibrations of Q3, Q2, Q1 and Q0 
species, where n in the Qn terminology represents the number of bridging oxygens (BO) per [PO4] tetrahedron. In Fig.6 the 
most observed peaks were at 1270 cm-1 (XasP=O), 1165 cm-1 (Xs(PO2)-), 1050 cm-1 (Xs(PO32-), 970 cm-1 (Xs(PO43-), 812 cm-1 
(Xs(Nb–O)), 710 cm-1 (Xs(P–O–P)), 630 cm-1 (X(NbO6)), 420-225 cm-1 (X(NbO6), and 186 and 530 cm-1 (G(PO4)). According 
to our Raman investigation, the same modes with changes of the intensity and/or the position are observed for all the 
glasses. 
 
With increasing (x) value, the peaks lying in the range frequency 600-700 cm-1, assigned to the symmetric P-O-P 
stretching vibration of the symmetric [PO2] units, are weak. Low intensity of the [PO2] anti-symmetric vibration (1270 cm-1) 
is also evidenced from the recorded Raman spectra. These changes suggest that the phosphate network has been 
depolymerised by modifier cations such as Ba2+ and Na+ while moving from low to high (x) values. As a matter of fact, 
phosphate glasses consist of a sequence of [PO4]3- tetrahedrons formed by one phosphorous atom in the center and four 
oxygen atoms in the corner. Three of these oxygen atoms are known as bridging oxygen because they link three [PO4]3- 
units. The other oxygen has a double bound with the phosphorous atom in the [PO4]3- unit. A single [PO4]3- unit can be 
linked to three other ones by –P–O–P– linkages, as observed in crystalline P2O5, however, with different bending angles. 
This structure is known as polyphosphate chains. The addition of  alkaline or alkaline-earthcations depolymerizes the three-
dimensional network, by breaking the –P–O–P– bonds, leading to non-bridging oxygen (–P–O-). On the other hand, as (x) 
value increases, the intensity of the band around 812 cm-1 increases. This band could be ascribed to the vibration of Nb-O 
bonds in octahedral [NbO6] units corner-linked in a three-dimensional network [21]. This suggests that more polarisable 
niobium ions inside the glass matrix are in NbO6 octahedrons which share corners to form three-dimensional assemblies. 
3.3. Dielectric properties 
Fig. 2 shows the temperature dependence of the DC conductivity of the studied glasses. It is observed that the glasses 
show non-linear behaviour and the activation energy changes with temperature. All curves show a linear temperature 
dependence up to a critical temperature of θD/2 (θD is the Debye temperature), then the slope changes with deviation from 
linearity. The activation energy (Ea) is temperature dependent. Such a behavior was found for different other glasses [22]. 
This phenomenon is attributed to the change of conduction mode from small polaron hopping (at high temperature) to 
Greaves variable range hopping (at intermediate temperature). In the high-temperature region there is a linear dependence of 
lnV on the reciprocal of absolute temperature. In this case, the dependence can be represented by the Arrhenius equation 
V=V0 exp(-Ea/kT),  where V is the conductivity at a temperature T, V0 is the pre-exponential factor, Ea is the activation 
energy and K is the Boltzmann constant. It was found that the conductivity increases with increasing temperature. It is found 
that with increasing (x) values in the glasses, the conductivity increases and the activation energy decreases. The observed 
increase of the conductivity could be explained by the increase of the small size Na+ content in the glassy network.  
     
Fig. 2. The temperature dependence of the electrical conductivity of the studied glasses. 
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The temperature dependence of the dielectric constant of the glasses increases with increase in temperature and at high 
temperatures it increases more rapidly (Fig.3). This behavior is typical to the polar dielectrics in which the orientation of 
dipoles is facilitated with rising temperature and thereby the dielectric constant is increased. At low temperatures, the 
contribution of electronic and ionic components to the total polarizability will be small. As the temperature is increased the 
electronic and ionic polarizability sources start to increase. The increase in dielectric constant of the sample with increase in 
temperature is usually associated with the decrease in bond energies [23]. That is, as the temperature increases two effects 
on the dipolar polarization may occur; (1) it weakens the intermolecular forces and hence enhances the orientational 
vibration, (2) it increases the thermal agitation and hence strongly disturbs the orientational vibrations. The dielectric 
constant becomes larger at lower frequencies and at higher temperatures which is normal in oxide glasses and, is not an 
indication for spontaneous polarization [23].  
 
 
 Fig. 3. The temperature dependence of the dielectric constant of the glasses. 
 
Evident from this figure is first the magnitude of the permittivity at room temperature: ε~160–580 for the glasses, 
demonstrating the potential advantage for energy storage over bulk fused silica (ε~3.8). The obtained high permittivity is 
associated to the compositions of the glasses which offer the advantage of more polarizable species in the structure and 
therefore an enhanced permittivity over amorphous silica thin films or bulk fused quartz. Specially, this behavior is 
attributed to highly polarizable Ba, Nb and W ions enhancing the real part of complex permittivity. One could also suppose 
the formation of glass-ceramic with polar TTB phase inside the glass-matrix to explain the observed increase permittivity. 
 
This result is very promising for phosphate glass family and suggests that their expected accumulated electrostatic energy 
could be high according to the dielectric theory. This latter determine the accumulated electrostatic energy in a dielectric 
from permittivity and breakdown strength. Energy density, defined as the energy per unit volume, is expressed as 
Ue=1/2εrε0E2 for linear dielectric materials, where εr is relative permittivity, E is applied electric field, and ε0 is the vacuum 
permittivity. These findings indicate that these glasses may be strong candidates for next generation high energy density 
storage capacitors for portable or pulsed power applications. 
 
 
 
Fig. 4. The frequency dependence of the dielectric constant for the glasses at room temperature 
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The variation of the dielectric constant as a function of frequency for all the samples shows the same behavior. It 
decreases with increasing frequency. A typical example is shown in Fig.4a for the glasses. The dielectric constant increases 
with increasing amount of (x). The dielectric constant of the glass (x=1) at room temperature is about 760 at low frequency 
and about 296 at 1KHz. The obtained values for the glasses under study which are relatively higher compared with ordinary 
glass, for instance H(silica) ~3.8 and H(Na2O-WO3-Nb2O5-P2O5) glassy system varies in the range 9-14 [16], indicates that 
the dipoles formed in the glass containing high (x) value are polarized more easily. Moreover, from Fig.4, it is also indicated 
that the dielectric constant of each sample, except (x=1), keeps steady from 100Hz to 1MHz. 
Conclusion 
In the present study, the y(Ba2.15-xNa0.7+xNb5-xWxO15)-(1-y)P2O5 with (x=0; 0.25; 0.5; 0.75; 1) glasses were prepared by 
rapid quenching method. The influences of temperature and frequency on electric and dielectric properties were 
investigated. The magnitude of the permittivity at room temperature: ε~160–580 for the glasses is very high, demonstrating 
the potential advantage for energy storage over bulk fused silica (ε~3.8). The results show that dielectric constant is high for 
the glass (x=1). This behavior is attributed either to highly polarizable Ba, Nb and W ions enhancing the real part of 
complex permittivity or the formation of glass-ceramics with TTB phases. The dielectric constant is nearly constant for in 
the frequency range 100 Hz to 1M kHz. These findings indicate that these glasses may be strong candidates for next 
generation high energy density storage capacitors for portable or pulsed power applications. More studies are needed to 
optimise their qualities. 
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